GABAergic interneurones are diverse in their morphological and functional properties. Perisomatic inhibitory cells show fast spiking during sustained current injection, whereas dendritic inhibitory cells fire action potentials with lower frequency. We examined functional and molecular properties of K + channels in interneurones with horizontal dendrites in stratum oriens-alveus (OA) of the hippocampal CA1 region, which mainly comprise somatostatin-positive dendritic inhibitory cells. Voltage-gated K + currents in nucleated patches isolated from OA interneurones consisted of three major components: a fast delayed rectifier K + current component that was highly sensitive to external 4-aminopyridine (4-AP) and tetraethylammonium (TEA) (half-maximal inhibitory concentrations < 0.1 m for both blockers), a slow delayed rectifier K + current component that was sensitive to high concentrations of TEA, but insensitive to 4-AP, and a rapidly inactivating A-type K + current component that was blocked by high concentrations of 4-AP, but resistant to TEA. The relative contributions of these components to the macroscopic K + current were estimated as 57 ± 5 , 25 ± 6 , and 19 ± 2 %, respectively. Dendrotoxin, a selective blocker of Kv1 channels had only minimal effects on K + currents in nucleated patches. Coapplication of the membrane-permeant cAMP analogue 8-(4-chlorophenylthio)-adenosine 3‚:5‚-cyclic monophosphate (cpt-cAMP) and the phosphodiesterase blocker isobutyl-methylxanthine (IBMX) resulted in a selective inhibition of the fast delayed rectifier K + current component. This inhibition was absent in the presence of the protein kinase A (PKA) inhibitor H-89, implying the involvement of PKA-mediated phosphorylation. Single-cell reverse transcription-polymerase chain reaction (RT-PCR) analysis revealed a high abundance of Kv3.2 mRNA in OA interneurones, whereas the expression level of Kv3.1 mRNA was markedly lower. Similarly, RT-PCR analysis showed a high abundance of Kv4.3 mRNA, whereas Kv4.2 mRNA was undetectable. This suggests that the fast delayed rectifier K + current and the A-type K + current component are mediated predominantly by homomeric Kv3.2 and Kv4.3 channels. Selective modulation of Kv3.2 channels in OA interneurones by cAMP is likely to be an important factor regulating the activity of dendritic inhibitory cells in principal neurone-interneurone microcircuits. (Received 30 July 2001; accepted after revision 19 October 2001) substantially higher levels than pyramidal neurones (Weiser et al. 1995; Du et al. 1996; Martina et al. 1998; Chow et al. 1999) . In contrast, the expression of Kv4 subunits is much lower in perisomatic inhibitory interneurones than in pyramidal neurones (Martina et al. 1998) . This is consistent with the view that delayed rectifier K + channels assembled from Kv3 subunits facilitate fast spiking (Wang et al. 1998; Erisir et al. 1999 ; reviewed by Rudy & McBain, 2001) , whereas inactivating A-type K + channels assembled from Kv4 subunits help a cell to fire repetitively at low frequencies (Connor & Stevens, 1971; Hille, 1992) . A critical role of Kv3 channels in fast spiking of interneurones is further suggested by the observation that both pharmacological block of Kv3 channels by 4-AP and TEA (Martina et al. 1998; Erisir et al. 1999) and targeted disruption of the Kv3.2 gene (Lau et al. 2000) impair fast spiking in cortical interneurones.
Unlike the firing pattern of perisomatic inhibitory cells, that of dendritic inhibitory cells is more heterogeneous, and the molecular determinants are less clear. In the neocortex, somatostatin-positive dendritic inhibitory cells are not fast spiking (Kawaguchi & Kubota, 1997) , but apparently do express Kv3.2 subunits (Chow et al. 1999) . This led to the suggestion that Kv3 subunits could have functions other than supporting high-frequency action potential generation (Chow et al. 1999 ). In the hippocampus, interneurones with horizontal dendrites in the stratum oriens-alveus of the CA1 region (presumably mainly dendritic inhibitory interneurones; Sik et al. 1995; Maccaferri & McBain, 1996a; Martina et al. 2000; Maccaferri et al. 2000) have been classified as fast-spiking (Zhang & McBain, 1995a, b) . However, immunocytochemical analysis suggests that OA interneurones do not express Kv3.1b subunits (Du et al. 1996) , and Kv3.2 subunits are found only in approximately 30 % of somatostatinpositive cells in the hippocampal formation (Atzori et al. 2000) . Furthermore, OA interneurones express a high level of Kv4.3 subunits (Serôdio & Rudy, 1998) , which may prevent the generation of high-frequency activity. Thus the relation between action potential pattern and K + channel subunit expression in dendritic inhibitory interneurones remains unclear.
The goal of the present study was to examine voltage-gated K + channels in interneurones of stratum oriens-alveus in the hippocampal CA1 region, a major class of somatostatinpositive dendritic inhibitory interneurones (Martina et al. 2000) . We characterized the functional properties of K + channels in these neurones using the nucleated patch technique, and examined whether the interneurone K + channels were affected by neuromodulators. Finally, we determined the putative subunit composition of the native channels by single-cell RT-PCR. Part of this work has been published in abstract form (Lien et al. 2001) .
METHODS

Cell identification and nucleated patch recording
Transverse hippocampal slices of 300 µm thickness were cut from the brains of 13-to 22-day-old Wistar rats using a vibratome (Campden, Loughborough, UK or Dosaka, Kyoto, Japan). Animals were killed by rapid decapitation without anaesthesia, in accordance with national and institutional guidelines. Experiments were approved by the Animal Care Committee Freiburg according to #15 of the Tierschutzgesetz (Az 644Z/142). Interneurones in stratum oriens-alveus in the hippocampal CA1 subfield were examined using infrared differential interference contrast (IR-DIC) videomicroscopy (Stuart et al. 1993) . Cells were selected on the basis of the following criteria: (1) location of the soma at the oriens-alveus border, (2) horizontal orientation of their dendrites (Maccaferri & McBain, 1996a; Martina et al. 2000) , (3) a pronounced sag, presumably due to activation of a hyperpolarization-activated current I h (Sik et al. 1995; Maccaferri & McBain, 1996b) , and (4) repetitive firing with a maximal frequency in the range of 40-70 Hz. Patch pipettes were pulled from borosilicate glass tubing (2.0 mm outer diameter, 0.5 mm wall thickness) and heat-polished before use. The pipette resistance ranged from 2 to 5 MV, and the series resistance in the whole-cell configuration was 7-15 MV. Only neurones with initial resting potentials more negative than _55 mV were accepted. To isolate nucleated patches, a negative pressure (5-12 kPa) was applied and the patch pipette was withdrawn slowly; a small negative pressure (2-5 kPa) was kept during recording. Nucleated patches had input resistances of > 1 GV; their shape was roughly spherical, and mean diameter was 8.5 ± 0.3 µm (Fig. 1Ac ).
Nucleated patch recordings (voltage clamp) and whole-cell recordings (current clamp) were made using an Axopatch 200A amplifier (Axon Instruments, Foster City, CA, USA) that included a bridge-balance circuit for series resistance compensation in current-clamp mode. Signals were filtered at 5 kHz using the 4-pole low-pass Bessel filter, and capacitive transients were reduced by the compensation circuit of the amplifier. A 1401plus interface (CED, Cambridge, UK) connected to a personal computer was used for stimulus generation and data acquisition. The sampling frequency was 10 kHz. In some cases, digitized traces were passed through an additional Gaussian filter.
Nucleated patches were held at _90 mV. Pulse sequences were generated by home-made programs. Leakage and capacitive currents were subtracted on-line using a 'P over _4' procedure (Martina & Jonas, 1997; Martina et al. 1998) . Sodium currents, when apparent, were blocked by adding 0.5 µ tetrodotoxin (TTX) to the external solution. Traces shown in the figures represent single sweeps or averages of up to 6 sweeps. Pulse sequences were applied every 4-10 s. The wash-in of TEA, 4-AP, and dendrotoxin was monitored continuously, and final recordings were made in steady-state conditions. No correction for liquid junction potentials was made. The electrophysiological data included in this study were obtained from 195 nucleated patches. All recordings were made at room temperature (20-24°C).
Solutions and chemicals
Slices were superfused with physiological extracellular solution containing (mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 25 glucose, bubbled with 95 % O 2 and 5 % CO 2 . 4-AP (from 0.5 M stock solution in distilled water) and TEA (from 1 M stock solution in distilled water) were applied to nucleated patches either via bath superfusion or using a multibarrelled application pipette (perfused with Hepes-buffered Na + -rich solution containing (mM): 135 NaCl, 5.4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , and 5 Hepes, pH adjusted to 7.2 with NaOH). a-Dendrotoxin (DTX, 20 µ stock solution in distilled water) was applied with the application pipette; in these experiments, 0.1 % bovine serum albumin was added to the Hepes-buffered Na + -rich solution. 8-(4-chlorophenylthio)-adenosine 3‚:5‚-cyclic monophosphate (cpt-cAMP, directly dissolved in final solution) plus 3-isobutyl-1-methylxanthine (IBMX; 0.5 M stock solution in dimethyl sulfoxide) were applied by bath perfusion. Recording pipettes were filled with K + -rich internal solution, containing (mM): 140 KCl, 10 EGTA, 2 MgCl 2 , 2 Na 2 ATP and 10 Hepes, pH adjusted to 7.3 with KOH. In some experiments, 2 m glutathione-SH was included in the internal solution; the kinetic properties of K + channels did not appear to differ from those in the absence of glutathione. For staining of neurones, the internal solution contained (mM): 120 potassium gluconate, 20 KCl, 10 EGTA, 2 MgCl 2 , 2 Na 2 ATP, and 10 Hepes, pH adjusted to 7.3 with KOH. In a subset of experiments ( Fig. 8B and C) , 2 µ H-89 (10 m stock solution in dimethyl sulfoxide) was added to the internal solution. Final solutions were prepared on the day of experiment. TTX and DTX were from Alomone (Jerusalem, Israel), cpt-cAMP and IBMX were from Sigma, H-89 was from Calbiochem (La Jolla, CA, USA), all other chemicals were from Merck, Sigma, Riedel-de-Haën, or Gerbu.
Data analysis
Analysis was made using home-made programs, Sigmaplot 5.0 (SPSS, Chicago, IL, USA), or Mathematica 4.01 (Wolfram Research, Champaign, IL, USA). Current amplitudes were measured from baseline either preceding (most cases) or following (inactivation curves) the depolarizing pulse. To obtain the activation curve, values of chord conductance (G) were calculated from the respective peak currents, assuming ohmic behaviour and a reversal potential of _95 mV (Martina et al. 1998) . Activation curves were fitted with a Boltzmann function raised to the 4th power:
where V is the membrane potential, V Î is the potential where the value of the Boltzmann function is 0.5, and k is the slope factor; the midpoint potentials given in the text indicate the potential where f = 0.5. Inactivation curves for delayed rectifier components were fitted with a Boltzmann function plus a constant:
where A is the fraction of channels that inactivate. Fitting was made using a non-linear least-squares algorithm.
Data are reported as means ± standard error of the mean (...); error bars in figures also represent ... and were plotted only when they exceeded the respective symbol size. Statistical significance was assessed using Student's two-sided t test at a given significance level (P). Activation and inactivation curves in figures show data pooled from different patches. Standard errors of midpoint potentials and slope factors were obtained by analysing data of individual experiments separately. Standard errors of parameters of dose-response curves and recovery from inactivation were calculated by a parametric bootstrap method (Efron & Tibshirani, 1998) . Artificial data sets (500) were generated in which the original values were replaced by normally distributed random numbers with means and ...s identical to those of the original data points, and were fitted as the original data set.
Morphological analysis
Morphological methods were similar to those reported previously (Martina et al. 2000) . A separate subset of OA interneurones was filled with biocytin (0.5 %) during recording (a combination of morphological analysis with nucleated patch analysis or singlecell RT-PCR was not feasible). After pipette withdrawal, slices were fixed in 2.5 % paraformaldehyde, 1.25 % glutaraldehyde, 15 % picric acid in 100 m phosphate buffer (PB, at pH 7.4, for 12 h, at 4°C). After fixing and rinsing, slices were treated with hydrogen peroxide (1 %, for 10 min) and rinsed in PB several times. Following incubation in 10 and then 20 % sucrose solution (in PB), slices were snap-frozen in liquid nitrogen, and finally thawed to room temperature. Slices were then incubated in PB containing 1 % avidin-biotinylated horseradish peroxidase complex (ABC, Vector Laboratories, Burlingame, CA, USA) for about 12 h at 4°C in the dark. Excess ABC was removed by several rinses in PB and the slices were developed with 0.05 % 3,3‚-diaminobenzidine tetrahydrochloride (DAB) and 1 % hydrogen peroxide. Finally, slices were embedded in Mowiol (Aldrich), and neurones were examined by a light microscope using w 10-60 objectives.
Single-cell RT-PCR
Single-cell RT-PCR was performed as described previously (Monyer & Jonas, 1995; Martina et al. 1998 ) with minor modifications. Kv3 transcripts (Kv3.1 and Kv3.2) were amplified with common degenerate primers in the first round of PCR and with specific primers in the second round of PCR. Kv4 transcripts (Kv4.2 and Kv4.3) were amplified with degenerate primers in both rounds. Cycle conditions were similar to those described previously (Martina et al. 1998) . Positive controls for primer efficiency were run using plasmids (detection threshold: < 100 attograms), showing that the respective cDNAs in 1:1 plasmid mixtures were amplified with similar efficacy. Controls for possible contamination artifacts were performed for each PCR amplification. Additional controls to exclude non-specific harvesting were performed by advancing pipettes into the slice and taking them out without seal formation and suction (Monyer & Jonas, 1995) . Both types of controls gave negative results throughout. The molecular identity of the PCR products was tested using Southern blotting with radiolabelled oligonucleotides. Amplification of genomic DNA could be excluded by the intron-overspanning location of the primers. Primer sequences and locations (referring to published sequences in the GenBank of the National Center for Biotechnology Information, www.ncbi.nlm.nih.gov) were as follows: B, voltage responses to 1 s de-or hyperpolarizing current pulses in the whole-cell current-clamp recording configuration. Membrane potential before the pulse was _70 mV. Current during the pulse was _0.1, _0.2, _0.3 and +0.5 nA. Note the sag during hyperpolarizing current pulses and the generation of rebound spikes after the pulses. C, action potential frequency, calculated from the interspike interval, during 1 s current pulses (0.1-0.5 nA, 0.1 nA increments; lowermost data set corresponding to the smallest current). D, mean action potential frequency, plotted against injected current. E, mean peak voltage (0) and mean voltage at the end of the 1 s pulse (1), plotted against amplitude of the hyperpolarizing current pulse. Note the presence of a marked sag. Data in A-E were obtained from the same cell. F and G, histograms of maximal mean action potential frequency for 0.5 nA current pulses (F) and of sag ratio (voltage change at the end of the 1 s pulse / maximal voltage change for _0.3 nA current pulses, G). Resting membrane potentials were set to _70 mV in all cells by injection of a small hyperpolarizing current (_10 to _40 pA). Open bars in F and G represent the total sample of 24 morphologically analysed cells, filled bars represent OA interneurones with axonal arborization in stratum lacunosum-moleculare (LM).
RESULTS
Action potential pattern and morphological properties of OA interneurones
We performed whole-cell recordings and nucleated patch recordings from interneurones with horizontal dendrites in stratum oriens-alveus (OA) of the hippocampal CA1 region (Fig. 1) . Infrared-DIC images of a typical OA interneurone are shown in Fig. 1A , and responses of the same cell to deor hyperpolarizing current pulses in the whole-cell configuration are illustrated in Fig. 1B . The large majority of OA interneurones showed three functional characteristics. First, OA interneurones generated trains of action potentials during 1 s depolarizing current pulses at 22°C (Fig. 1B and  D) . Second, OA interneurones showed a modest adaptation in action potential frequency and a decrease in action potential amplitude during the train (Fig. 1B and C) . Finally, OA interneurones showed a marked sag during hyperpolarizing current pulses ( Fig. 1B and E) , presumably due to activation of a hyperpolarization-activated current I h (Sik et al. 1995; Maccaferri & McBain, 1996b) . The large majority of neurones exhibited a maximal mean action potential frequency of approximately 50 Hz (Fig. 1F ) and a sag ratio (voltage change at the end of the 1 s hyperpolarizing pulse/maximal voltage change) of approximately 0.5 (Fig. 1G) .
To examine the identity of the recorded neurones further, a correlated analysis of electrical properties and morphology was performed (Fig. 2) . In total, 24 OA interneurones with horizontal dendrites were filled with biocytin during recording and visualized by standard staining procedures (see Methods). In 15 neurones, the main part of the axonal arborization was located in stratum lacunosum-moleculare. In the remaining 9 neurones, the axon was either cut close to the site of origin (6 cells) or in stratum radiatum (1 cell), or was confined to stratum oriens-alveus (2 cells). In the 15 neurones rigorously identified as OA interneurones projecting into stratum lacunosum-moleculare, the maximal mean action potential frequency was 45.7 ± 0.8 Hz, and the sag ratio was 0.46 ± 0.03 ( Fig. 1F and G, filled bars) , very similar to that of the overall population ( Fig. 1F and G, open bars).
Pharmacological dissection of three kinetically distinct K + current components
We next characterized the functional properties of K + channels expressed in these OA interneurones using the nucleated patch configuration, which allowed us to examine channel gating under ideal voltage-clamp conditions (Fig. 1Ac) . 4-AP, TEA, and peptide toxins were shown previously to distinguish between recombinant K + channels assembled from subunits of different Kv subfamilies (Coetzee et al. 1999) . We, therefore, examined the effects of these blockers on the K + currents (Fig. 3) . Micromolar concentrations of both 4-AP and TEA blocked the K + currents in nucleated patches (Fig. 3A and B) . In contrast, DTX (500 n), a selective blocker of K + channels assembled from Kv1.1, 1.2 and 1.6 subunits (Coetzee et al. 1999; Bekkers & Delaney, 2001) , had only minimal effects; the peak current in the presence of DTX was 99.2 ± 5.9 % of the control value (n = 3, P > 0.5; Fig. 3C ).
The concentration dependence of the block by 4-AP and TEA is illustrated in Fig. 3D and E, respectively. For both 4-AP and TEA, the block was incomplete even at millimolar concentrations. When data points were fitted with a 
data not illustrated). We, therefore, fitted the data with the sum of two Hill equations (Martina et al. 1998; Southan & Robertson, 2000) , constraining the Hill coefficients to 1 (e.g. Kirsch & Drewe, 1993) . For 4-AP, the half-maximal inhibitory concentrations (IC 50 values) were 24 µ and 2.8 m, and the blocked fractions were 56 and 32 % (Fig. 3D) . Similarly, for TEA the IC 50 values were 63 µ and 3.2 m, and the blocked fractions were 55 and 28 % (Fig. 3E) . These results indicate that the K + current in nucleated patches of OA interneurones is comprised of multiple components that differ in their sensitivity to both 4-AP and TEA.
We next examined possible additive effects of low concentrations of 4-AP and TEA (Fig. 3F-H) . 4-AP (0.3 m) and TEA (0.5 m) blocked 59.6 ± 3.4 and 55.9 ± 1.0 % of the total K + current, respectively. Coapplication of 0.3 m 4-AP and 0.5 m TEA blocked 72.8 ± 2.9 % of the total K + current, significantly more than the effect of each of the blockers (P < 0.05), but markedly less than the arithmetic sum of the individual effects (Fig. 3F-H) . Thus, these results show a large degree of occlusion between the effects of low concentrations of 4-AP and TEA.
To characterize the K + current components further, we correlated pharmacological properties with gating characteristics (Fig. 4) . Subtraction analysis revealed that the current component sensitive to low concentrations of J. Physiol. 538.2 TEA showed fast activation, but little inactivation during 100 ms test pulses (Fig. 4A, C) . The current component blocked by low concentrations of 4-AP showed identical properties ( Fig. 4B and C) , suggesting that it is mediated by the same type of channel. In contrast, the current component sensitive to high concentrations of TEA showed a slower activation time course (Fig. 4A and C) , and resembled the current remaining in the presence of 5 m 4-AP (Fig. 4B) . Finally, the current component sensitive to high concentrations of 4-AP was rapidly inactivating (Fig. 4B and  C) , and resembled the current remaining in the presence of 20 m TEA (Fig. 4A) . In summary, these results indicate that the K + current in nucleated patches of OA interneurones is composed of three pharmacologically and kinetically distinct components: A fast delayed rectifier component that is highly sensitive to both 4-AP and TEA, a slow delayed rectifier component with intermediate TEA-sensitivity, but resistance against 4-AP, and an inactivating (A-type) K + current component that is largely TEA-resistant, but is blocked by high concentrations of 4-AP. The mean relative contributions of the three components in nucleated patches were 57 ± 5, 25 ± 6 and 19 ± 2 % (n = 12, 9 and 10, respectively; Table 1 ).
Gating properties of the three types of K + channels in OA interneurones
Subtraction analysis allowed us to examine the gating properties of the three components in isolation (Figs 5-7) . The fast delayed rectifier component, isolated as I control _ I 0.3m4-AP or I control -I 0.5mTEA , had an activation curve with a midpoint potential of -8.0 ± 2.1 mV and a slope factor of 16.1 ± 0.7 mV ( Fig. 5A and B ; Table 1 ). Although this K + current component showed little inactivation during 100 ms test pulses, inactivation by 10 s prepulses above _40 mV was substantial ( Fig. 5A and B) . The inactivation curve showed a midpoint potential of _40.6 ± 2.4 mV and a slope factor of 7.8 ± 0.8 mV ( Fig. 5A and B; Table 1 ). The 20-80 % rise time was strongly voltage dependent, ranging from 11.6 ms at _10 mV to 0.8 ms at +70 mV (Fig. 5C) . A striking kinetic property was the fast deactivation kinetics; the mean deactivation time constant at _40 mV was 11.1 ± 0.9 ms (n = 7; Fig. 5D ; Table 1 ).
The slow delayed rectifier component, isolated as I 5m4-AP , I 10m4-AP , I 0.5mTEA _ I 20mTEA , or I 0.3m4-AP _ I 0.3m4_AP+20mTEA showed an activation curve with comparable midpoint potential (_3.6 ± 4.2 mV), but less steep voltagedependence (slope factor 23.1 ± 1.0 mV; Fig. 6A and B; Table 1) than that of the fast delayed rectifier component. This K + current component showed little inactivation during 100 ms test pulses, but substantial inactivation by 10 s prepulses (Fig. 6A and B) . The inactivation curve had a midpoint potential of _52.2 ± 7.7 mV and a slope factor of 15.2 ± 1.7 mV ( Fig. 6A and B ; Table 1 ). Consistent with the less steep activation curve, the rise time was less voltage dependent, ranging from 18.7 ms at _10 mV to 6.7 ms at +70 mV (Fig. 6C) . The deactivation kinetics were significantly slower than those of the first component; the mean deactivation time constant at _40 mV was 21.0 ± 1.7 ms (n = 9; P < 0.001; Fig. 6D ; Table 1 ).
The A-type, TEA-insensitive, component had an activation curve with a midpoint potential of _0.2 ± 3.0 mV and a slope factor of 26.8 ± 0.8 mV ( Fig. 7A and B ; Table 1 ). This K + current component showed marked inactivation during 100 ms test pulses and complete inactivation by 10 s prepulses. The steady-state inactivation curve had a midpoint potential of _78.5 ± 2.4 mV and showed steep voltage-dependence (slope factor 6.0 ± 1.2 mV; Fig. 7A and  B) . The rise time of the current was fast and almost independent of voltage ( Fig. 7C) , whereas the decay time constant was slower and increased with increasing membrane potential (Fig. 7D) . The time course of recovery from inactivation, investigated by a double-pulse protocol (Martina et al. 1998), was biexponential: the time constants were 39.3 and 329 ms, respectively ( Fig. 7E and F; Table 1 ).
Voltage-gated K + channels in OA interneurones (Moreno et al. 1995; Atzori et al. 2000) . We have examined this directly, by coapplication of a membrane-permeant form of cAMP (cpt-cAMP) and the phosphodiesterase blocker IBMX to nucleated patches (Fig. 8) . Coapplication of 2 m cpt-cAMP plus 0.5 or 1 m IBMX resulted in a slow, reversible reduction of the K + outward current in nucleated patches from OA interneurones (n = 5; Fig. 8A and B) . On average, 15.8 ± 0.8 % of the total K + current was inhibited. In contrast, in the presence of 2 µ of the protein kinase A blocker H-89 in the pipette solution, cpt-cAMP plus IBMX had no significant effects (n = 6; P > 0.3; Fig. 8B and C) . These results suggest that OA interneurone K + channels were inhibited via PKA-mediated phosphorylation. The effect of cpt-cAMP plus IBMX appeared to be mediated by changes in the number of available channels rather than changes in gating properties, since the midpoint potentials and slopes of activation curves of the delayed rectifier K + current were unaffected by cpt-cAMP plus IBMX (midpoint potentials: _5.8 ± 5.0 vs. _2.3 ± 3.8 mV; slope factors: 16.9 ± 0.6 vs. 18.5 ± 0.9 mV; n = 3, data not illustrated).
Two lines of evidence suggested that cpt-cAMP plus IBMX primarily affected the fast delayed rectifier component.
First, current subtraction revealed that the current component affected showed fast activation and little inactivation during test pulses (Fig. 8A) . Second, cptcAMP plus IBMX had no significant effects in the presence of 0.5 m TEA (Fig. 8D) . Thus, the fast delayed rectifier component appears to be selectively inhibited by cAMP.
Single-cell RT-PCR analysis of K + channel subunit transcripts
Previous studies indicated that Kv3 and Kv4 subunits are expressed differentially between principal neurones and interneurones (Martina et al. 1998) . We therefore examined the expression of these K + channel subunits in OA interneurones by single-cell RT-PCR. The cytoplasm of single OA neurones was harvested into the recording pipette, and the harvested material was used for reverse transcription and PCR (Monyer & Jonas, 1995; see Methods) . The amplified cDNA products were visualized on ethidium bromide-stained gels (Figs 9A and 10A) and probed with specific radiolabelled oligonucleotides (Fig. 10B ).
Single-cell RT-PCR analysis revealed that the K + channel expression pattern of OA interneurones differed from that of dentate gyrus basket cells (BCs, Martina et al. 1998) . In OA interneurones the abundance of Kv3.2 mRNA was much higher than that of Kv3.1 mRNA (Fig. 9A) . 100 % of OA interneurones (n = 16) expressed Kv3.2 mRNA, whereas only 56 % of cells (n = 9) were positive for Kv3.1 Note that the time course of I control -I 0.5mTEA is almost identical to that of I control -I 0.3m4-AP , but markedly faster than that of I 0.5mTEA -I 20mTEA . Also note that the time course of I 0.3m4-AP -I 5m4-AP is very similar to that of the current in the presence of 20 m TEA (lowermost trace in A). Currents were evoked by test pulses to +70 mV (from a holding potential of _90 mV).
) by guest on January 16, 2013 jp.physoc.org Downloaded from J Physiol ( mRNA (Fig. 9B) . Similarly, 100 % of cells (n = 11) expressed Kv4.3 mRNA, whereas Kv4.2 mRNA was not detected (Fig. 10A and B) . These results suggest that the fast delayed rectifier K + current in OA interneurones is mediated predominantly by Kv3.2 homomeric channels, whereas the A-type current is mediated exclusively by Kv4.3 homomers.
DISCUSSION
Using the nucleated patch configuration that allows us to investigate somatic ion channels under ideal voltageclamp conditions (Martina et al. 1998) , we have examined the functional properties of voltage-gated K + channels expressed in OA interneurones in the hippocampal CA1 region, a major class of dendritic inhibitory interneurone. The main results are as follows. First, the macroscopic K + current in OA interneurones consists mainly of a fast delayed rectifier, a slow delayed rectifier, and an A-type component, although we cannot exclude the presence of additional components with small contributions. Second, we have found that the fast delayed rectifier K + channel is selectively modulated by the cAMP pathway, presumably via PKA-mediated phosphorylation. Third, the subunit composition of the voltage-gated K + channels in OA interneurones appears to be unique. OA interneurones typically express only a single type of subunit of the same subfamily, suggesting preferential assembly of homomeric rather than heteromeric channels (Ruppersberg et al. 1990 ).
A Kv3.1/3.2-like channel is the major voltage-gated K + channel in OA interneurones
The present results reveal three functionally distinct components of the macroscopic K + current in nucleated patches from OA interneurones. A previous report distinguished a sustained K + current component and an A-type K + current component in OA cells (in addition to a Ca 2+ -activated component; Zhang & McBain, 1995a) . A major fraction of the sustained component showed intermediate sensitivity to TEA (IC 50 = 7.4 m), but insensitivity to 4-AP, like the slow delayed rectifier component reported here. However, a small fraction (~10 %) of the sustained component was sensitive to 50 µ 4-AP (Zhang & McBain, 1995a) , similar to our fast delayed rectifier K + channel. It is unclear why this fast delayed rectifier component is substantially smaller than that observed in our study. Differences may be due to In the upper panel, the test pulse potential was varied from _80 to +70 mV (10 mV increments), and the holding potential was _90 mV. Clear outward currents were evoked by test pulses with potentials ≥ _20 mV. In the lower panel, the potential of the prepulse (10 s) was varied from _110 mV to 0 mV, and the test pulse potential was kept constant at +20 mV. Pulse protocols are shown above the traces. B, activation curve (6, I control -I 0.5mTEA ; 0, I control -I 0.3m4-AP ; n = 6 and 4, respectively) and inactivation curve (1, I control -I 0.5mTEA , n = 5). Activation data were fitted with a Boltzmann function raised to the 4th power. Inactivation data were fitted with a simple Boltzmann function plus a constant. Pulse protocols as described in A. For curve parameters, see Table 1 . C, 20-80 % rise time, plotted against test pulse potential (1, I control -I 0.5mTEA ; 0, I control -I 0.3m4-AP ; n = 6 and 4, respectively). D, deactivation time course. Top traces indicate K + current in control conditions and in the presence of 0.5 m TEA, lower trace is subtracted current (I control -I 0.5mTEA ). Fitted exponential function is shown superimposed; the deactivation time constant was 8.7 ms. ) by guest on January 16, 2013 jp.physoc.org Downloaded from J Physiol ( the smaller test pulse potential, different recording configurations, heterogeneity of interneurones examined, or downregulation of this component by neuromodulators in the latter study (see below).
Several lines of evidence converge on the conclusion that this fast delayed rectifier component is mediated by Kv3.1/3.2 (Shaw-related) subunits. First, the channel is highly sensitive to both 4-AP and TEA (IC 50 < 0.1 m), which is characteristic for this channel subtype (Rettig et al. 1992; Grissmer et al. 1994) . Second, the channel shows fast activation and deactivation, but very slow inactivation, similar to recombinant Kv3.1/3.2 channels (Rettig et al. 1992; Grissmer et al. 1994; Macica & Kaczmarek, 2001; Klemic et al. 2001) . Although the midpoint potential for activation (_8.0 mV, this paper) is close to that of other native Kv3-like channels (e.g. in basal ganglia neurons; Baranauskas et al. 1999; Wigmore & Lacey, 2000) , it is more negative than that of recombinant Kv3.1/Kv3.2 channels (+16 mV, Grissmer et al. 1994; +16.9 mV, Macica & Kaczmarek, 2001; +12.1 mV, Hernández-Pineda et al. 1999) . Channel modulation may explain this difference (Macica & Kaczmarek, 2001) . Finally, our single-cell RT-PCR experiments show directly that Kv3.2 mRNA is expressed in OA interneurones. As OA interneurones are mainly somatostatin positive (Katona et al. 1999; Martina et al. 2000) , the present results are consistent with the previous suggestion that Kv3.2 protein, but not Kv3.1b protein, is expressed in a subset of somatostatin-positive neurones (Du et al. 1996; Atzori et al. 2000; their Fig. 1A ).
Based on both functional properties and single-cell RT-PCR analysis, we further suggest that the A-type channel is formed by Kv4.3 (Shal-related) subunits. It is possible that the native channel is a Kv4.3 homomer. Alternatively, the native channel could be assembled from Kv4.3 principal subunits and accessory subunits (e.g. the K + channel interacting protein KChIP; An et al. 2000) . Based on its functional characteristics, the slow delayed rectifier component may be assembled from Kv2 (Shab-related) subunits, perhaps in combination with Kv5-9 subunits (reviewed by Coetzee et al. 1999) . Consistent with this hypothesis, Kv2.1 is expressed in somatostatin-positive neurones in the hippocampus (Du et al. 2000) .
Kv3.2-like channels as selective targets for neuromodulatory control
The present results show that fast delayed rectifier K + channels are selective targets of neuromodulatory control (Nicoll, 1988; Atzori et al. 2000) . In OA interneurons, bath application of 2 m cpt-cAMP plus 0.5 m IBMX blocked 15.8 % of total K + current in nucleated patches. If the inhibition selectively affected Kv3.1/3.2 channels, as the occlusion by TEA (Fig. 8D) ) by guest on January 16, 2013 jp.physoc.org Downloaded from J Physiol ( like component would be inhibited. H-89 blocked the effect, suggesting the involvement of intracellular PKA. The reduction of the amplitude of the fast delayed rectifier current in OA interneurones by an increase of intracellular cAMP was consistent with the expression of Kv3.2 in OA interneurones. Kv3.2 channels, unlike Kv3.1 channels, show a consensus sequence for PKA phosphorylation (Rudy & McBain, 2001) . Furthermore, recombinantly expressed Kv3.2 channels, but not Kv3.1 channels, are inhibited by cpt-cAMP plus IBMX (Moreno et al. 1995) . In recombinant Kv3.2 channels, 1 m cpt-cAMP plus 1 m IBMX inhibit approximately 73 % of current (Moreno et al. 1995) . The difference in the extent of inhibition observed in OA interneurones (27 %) may be due to a difference between native and recombinant channels, or to the different recording configurations, in which PKA is likely to be preserved to different degrees.
Voltage-gated K + channels in OA interneurones . C, 20-80 % rise time, plotted against test pulse potential (n = 10). D, decay t, plotted against test pulse potential (n = 10). The decay phase of the current during a 100 ms pulse was fitted with the sum of a single exponential function and a constant. E, traces of K + currents in the presence of 20 m external TEA. Pulse protocol: holding potential _90 mV, 150 ms pulse to +70 mV (conditioning pulse), pulse of variable duration to _90 mV, 150 ms pulse to +70 mV (test pulse), and step back to _90 mV. Pulse protocol is shown above the traces. F, time course of recovery from inactivation (n = 6). The amplitude of the peak current evoked by the test pulse (I 2 ) divided by that evoked by the conditioning pulse (I 1 ) was plotted against the interpulse interval. Data points were fitted with the sum of two exponentials. For curve parameters see Table 1 .
As Kv3 channels are selective neuromodulatory targets, their expression will enable differential neuromodulation of the spiking pattern in interneurones. Extrinsic innervation by cholinergic, serotonergic, or histaminergic pathways could lead to activation of receptors coupled to the cAMP pathway (Levey et al. 1995; Atzori et al. 2000; reviewed by Freund & Buzsáki, 1996) . This will modulate the activity of Kv3 channels, and thus shift the corner frequency of reliable action potential initiation to lower values (Atzori et al. 2000) . Additionally, intrinsic neuromodulatory pathways may operate. OA interneurones express nitric oxide (NO) synthase (Freund & Buzsaki, 1996) . This may suggest the possibility of an intrinsic feedback mechanism, in which NO released from OA interneurones downregulates Kv3 channels in the same cells via activation of cyclic GMP pathway and phosphatases (Moreno et al. 2001) . Both extrinsic and intrinsic pathways could regulate action potential duration and frequency in interneurones, which may help to maintain the balance between excitation and inhibition in the hippocampus (Galarreta & Hestrin, 1998) .
K + channel expression determines the action potential patterns of neurones
The spiking phenotype of a given neurone is determined by the combination of a variety of factors, including membrane time constant, voltage-gated Na + channels (Martina & Jonas, 1997) , voltage-gated and Ca 2+ -activated K + channels (Storm, 1990) , and I h channels (Maccaferri & McBain, 1996b) . Among them, the expression of voltagegated K + channels is probably the main factor that shapes the differences in the firing patterns between fast spiking perisomatic inhibitory interneurones and pyramidal neurones (Martina et al. 1998; Erisir et al. 1999) . Fast delayed rectifier K + channels assembled from Kv3 subunits facilitate fast spiking in basket cells (BCs, Martina et al. 1998) . Slow delayed rectifier K + channels, which are expressed in comparable amounts in different types of neurones, may confer adaptation of action potential frequency (Du et al. 2000) . Finally, A-type K + channels assembled from Kv4 subunits support regular spiking at low frequency in pyramidal neurones (Martina et al. 1998) .
How do OA interneurones fit into this view? OA interneurones are fast spiking, although the maximal action potential frequency (Fig. 1) is below that of typical perisomatic inhibitory cells (Han et al. 1993; Sik et al. 1995; Martina et al. 1998) . K + channels in OA interneurones are similar to those of BCs in several functional parameters, such as the quantitative relative proportion of the three components, the midpoint potentials of activation and inactivation curves, and the pharmacological properties Martina et al. 1998; this paper) . However, two differences should be noted. First, activation and inactivation curves for all three K + current components are less steep in OA interneurones than in both BCs and pyramidal neurones. Second, the deactivation of the fast delayed rectifier component is significantly slower than in BCs (11.1 ± 0.9 vs. 5.8 ± 0.4 ms; Martina et al. 1998 
